P
arasites make almost everyone uncomfortable, and it is no wonder: Some can functionally castrate and deform the body of their host. Others can even hijack the behavior of their host for their own benefit, eliminating the host's ability to act in its own interest. Indeed, in some cases, scientists consider the host body to be the "extended phenotype" of the parasite (Kuris et al. 2008) , like some kind of zombie serving its parasite master. No other way of life seems so cruel, so sinister, so downright creepy.
Even in the more rarified, intellectual world of ecological science, parasites cause problems by apparently not adhering to some of our most prized general physiological and ecological rules. Now, a new study by Hechinger and colleagues (2011) demonstrates that although parasites may violate our sensibilities, they actually, upon closer scrutiny, conform to the same physiological and ecological rules that determine the abundance and energy flux of their free-living relatives.
Charles Elton was among the pioneering scientists responsible for transforming ecology from descriptive natural history into a quantitative, predictive science. His pioneering work on feeding relationships (or what are now called food webs) led him to the famous concept of a "pyramid of numbers" (Elton [1927] 2001), which describes how the abundance and biomass of species decline from lower trophic levels to the top of the food chain. Elton's pyramid has two related components. First, consumers tend to be larger than their prey, and second, at higher trophic levels, species tend to become progressively less abundant. Elton himself immediately acknowledged that parasites represent an exception to the first rule of the pyramid: They are generally much smaller than their hosts.
Assessing whether parasites conform to Elton's second rule is hampered by the difficulty of estimating the abundance or biomass of parasites in a food web. Therefore, despite the potentially important influence of parasites in food webs, their role has remained stubbornly resistant to measurement and analysis.
Several decades after Elton developed his pyramid of numbers, the evolutionary biologist John Damuth documented another pattern relating energetics, abundance, and body size. Drawing from a broad collection of data for mammals, Damuth (1981) showed that wherever they occur, small species tend to be much more abundant than large species. Specifically, Damuth found that abundance (N) declined as a power function of body mass (M), such that N M -3/4 . By itself, this is not so remarkable, because many aspects of physiology and ecology are known to scale with body mass (Peters 1982 ). Damuth's insight was to realize the implications for the energetics of populations. Among mammals (and many other organisms), metabolic rate (B) is known to scale as B M 3/4 . So, Damuth reasoned, if these two relationships are combined, they imply that the total energy used per unit area by a species population (the product N × B) does not vary with the size of a species (i.e., because
. Therefore, the total energy used by a species is, to the extent that it conforms to these scaling relationships, independent of its body size. This remarkable principle is now called Damuth's rule or the energetic equivalence rule (EER).
For ecologists, the EER provided a quantitative link among an organism's physiology, its abundance, and its role in the flow of energy through an ecosystem. Subsequent studies of size-density relationships within local Even Parasites Play by the Rules ANDREW KERKHOFF ecosystems revealed a wider variety of scaling patterns, but comparisons of these with each other and with Damuth's rule are made difficult by a variety of methodological and statistical complications (White et al. 2007 ). One of the principle problems arises from Elton's pyramid: Larger species tend to reside at the top of the food chain and therefore have less energy available to them. As a result, departures from the size-density relationship predicted by the EER may simply reflect differences in energy availability rather than the scaling of energetic demands.
So what do parasites have to do with all of this? They represent a key to understanding the puzzle of how energetics, abundance, and size are related, precisely because they do not conform to Elton's first rule. Parasites are small (some are among the smallest animals), but unlike most small, free-living animals, they tend to feed at relatively high trophic levels. If scientists could reliably measure the abundance of parasitic as well as free-living species in a food web, they would have a data set in which organisms span a wide range of sizes, but their size would not be fully coupled with their trophic level.
Working in three estuaries in California and Baja California, Hechinger and colleagues (2011) painstakingly generated three such data sets, detailing the body size, abundance, and feeding relationships of all of the freeliving and parasitic metazoans in the estuaries, from bivalves to birds, and from snail-castrating parasitic trematodes (they eat the gonad) to diverse epicaridean isopods. Previous analyses from these studies, which were based on more than 17,000 dissections of almost 200 host species, revealed that, despite their small size, parasites contribute a substantial amount of Viewpoint biomass to the ecosystem. In fact, the biomass of abundant parasites like trematodes rivals that of the shrimp, fish, and bird species that inhabit the estuaries (Kuris et al. 2008) .
In order to examine the size-density relationship, Hechinger and colleagues (2011) developed a simple mathematical model that quantifies the powerlaw size-density relationship, while at the same time incorporating the effects of trophic level on energy availability and controlling for the physiologically important effects of temperature (Brown et al. 2004) , which can vary greatly between aquatic ectotherms, such as shrimp, and endotherms, such as birds. Importantly, they apply the model sequentially. First, they show that when examined in isolation, parasites seem to show a substantially shallower size-density relationship than do free-living species, and that neither group conforms, en masse, to the EER. However, after the adjustments are incorporated to account for the effects of temperature and trophic level, all of the taxa fall in line, with (adjusted) abundances that decline along a single, simple relationship that matches Damuth's rule. There is considerable scatter in the data around the line, but the underlying trend-and its consistency across the three estuaries-is undeniable.
The fact that the same simple relationship applies to both parasitic and free-living taxa drawn from numerous metazoan phyla, spanning almost 11 orders of magnitude in body mass, is truly remarkable. Their result provides the first field-tested model to show that, within a given trophic level, species within a physiologically similar group (e.g., endothermic vertebrates) should be energetically equivalent within a local food web. Moreover, they show that energetic differences among physiological groups mean that energetic equivalence should not be expected to apply across all taxa. For example, even after correcting for temperature, a 100-gram fish has a lower metabolic rate than a 100-gram bird. Therefore, if both species are feeding at the same trophic level, they should exhibit similar population densities, but the bird population will use more energy than the fish population.
Hechinger and colleagues (2011) couched their analysis in the context of the nascent and still somewhat controversial metabolic theory of ecology (Brown et al. 2004) , which seeks to explain ecological patterns on the basis of the fundamental effects of factors such as body size, temperature, and elemental stoichiometry on organismal function. Their study solidifies a straightforward way of incorporating trophic structure into the equations of metabolic theory. It also shows that it is necessary to do so in order to successfully apply the theory to an understanding of food web structure. This theoretical insight could have even more impact than their impressive empirical results, because it provides a welcome injection of ecology (i.e., interactions among species) into a theory that to this point has been largely based (at least conceptually) on the physiology of individual organisms. Scientific theories often progress by replacing simplifying assumptions that ignore reality (e.g., "assuming equal energy available to all species...") with elegant (and testable) statements about that reality (e.g., "based on constant trophic transfer efficiencies, abundance should decline exponentially with trophic level..."). Hechinger and colleagues (2011) provided us not just with a compelling empirical pattern but with theoretical tools that allow us to test whether similar relationships apply to other organisms and ecosystems.
Hechinger and colleagues (2011) demonstrated that, adjusted for trophic level, a parasitic invertebrate species is about as abundant, and uses energy at a rate similar to, a free-living invertebrate species of the same size. That may be cold comfort for those castrated snails, but it warms the heart of any ecologist seeking general principles that underlie the dizzying diversity of natural ecosystems.
